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averaging 1575 dyne-sec-cm-'. Coronary blood flow (CBF) was decreased in all but three patients (range 60-95, mean 71 ml/100 g per min). Myocardial oxygen consumption (MVo2) was normal or increased ranging from 5.96 to 11.37 ml/100 g per min. Myocardial oxygen extraction was above 70% and coronary sinus oxygen tension was below 22 mm Hg in most of the patients. The detection of the abnormal oxygen pattern in spite of sampling of mixed coronary venous blood indicates the severity of myocardial hypoxia. In 15 studies myocardial lactate production was demonstrated; in the remaining three lactate extraction was below 10%. Excess lactate was present in 12 patients. During l-norepinephrine infusion CI increased insignificantly. Increased arterial pressure was associated in all patients by increases in CBF, averaging 28% (P < 0.01). Myocardial metabolism improved. Increases in MVo2 mainly paralled increases in CBF. Myocardial lactate production shifted to extraction in three patients and extraction improved in three. During isoproterenol infusion CI increased uniformly, averaging 61 %. Mean arterial pressure remained unchanged but diastolic arterial pressure fell. CBF increased in three patients, secondary to decrease in CVR. Myocardial lactate metabolism deteriorated uniformly; lactate production increased or extraction shifted to pro-INTRODUCTION Acute pump failure with peripheral circulatory collapse has become one of the major causes of death in acute myocardial infarction. In contrast to the significant improvement in the treatment of cardiac arrhythmias, little change has been made in the mortality of coronary shock. Some investigators have suggested that improved monitoring and treatment techniques may improve immediate survival but increase the incidence of coronary shock; recent reports from coronary care units suggest this to be the case (1) .
Systemic hemodynamic measurements have been made in acute shock by a number of investigators (2) (3) (4) (5) (6) (7) (8) (9) although coronary shock has not always been clearly separated from other varieties of cardiogenic shock. Iso- proterenol (2, 7, (10) (11) (12) , l-norepinephrine (3, 5, 6, 8, (12) (13) (14) , alpha adrenergic blocking agents (11, 12, 15) , intra-aortic phase-shift balloon pumping (16) (17) (18) (19) , and other techniques have been recommended for coronary shock but evidence of their efficacy has been limited to measurements of cardiac output and peripheral vascular resistance.
We have recently studied myocardial metabolic derangements in a group of patients with shock of varying cause (20) and emphasized that while evidence of anaerobic metabolism is uniformly observed in coronary shock, myocardial metabolism appears to be normal in hemorrhagic, septic, and noncoronary cardiogenic shock. This paper presents myocardial metabolism and systemic hemodynamic data in 18 patients with severe coronary shock. Studies performed during administration of both l-norepinephrine and isoproterenol demonstrate the different responses of myocardial perfusion and metabolism to changes in coronary perfusion pressure and vascular resistance.
METHODS

Selection of patients and preliminary therapy
All patients admitted to St. Vincent's Hospital and Medical Center of New York with signs and symptoms suggesting the shock syndrome are transferred to a specially equipped shock unit for continuous electrocardiographic and vascular pressure monitoring. All patients with acute myocardial infarction are admitted to a coronary care unit and transferred to the shock unit if indicated. Details of admission to the coronary care unit together with over-all survival experience have been previously published (21) .
Patients were considered for the present study if the following criteria were met: (a) systolic blood pressure less than 80 mm Hg or less than 75% of a previously known hypertensive level; (b) absent or poorly palpable peripheral pulses; (c) cold, clammy extremities with mottled skin; (d) changes in mental status with either agitation or lethargy; (e) urine output less 20 ml/hr; and (f) electrocardiographic findings suggesting acute myocardial infarction. Patients fulfilling these criteria were invariably in severe coronary shock; all but one of the 18 patients died during the current hospitalization although five survived for more than 1 wk.
These 18 patients were studied between October, 1968 and April, 1970. Seven patients died in the emergency room or shock unit before initiation of study and studies in two patients were discontinued for technical reasons. Other patients in shock were evaluated during this period but were rejected for study for a variety of reasons not directly related to the shock state. Drug interventions were based on the over-all clinical status of the patient and reflected our desire to limit the evaluation to one control and one drug study. Isoproterenol was not administered if the control heart rate was above 110 or if the heart was electrically paced. Vasoactive agents were not evaluated in patients 3-8, the most recently studied group, because they were subsequently studied during intra-aortic phase-shift balloon pumping. With these exceptions, no further selection was imposed.
Emergency therapy was instituted and attempts were made to stabilize the patient before performance of studies. Details of preliminary therapy together with a summary of clinical findings are presented in Table I . Ventilatory status was evaluated by measurement of arterial oxygen and carbon dioxide tension (Pao, and Paco,) and 15 of the 18 patients were intubated and placed on an appropriate respirator. Our indications for intubation and selection of respirator have been previously published (22) . The remaining three patients were breathing 100% oxygen by face mask. Blood buffer stores were augmented by the infusion of sodium bicarbonate. Volume deficits were corrected and central venous pressure maintained between 10 and 14 mm Hg. Patients were sedated as necessary with Demerol (meperidine) 15-25 mg/hr intravenously and Phenergan (promethazine) 25 mg every 3 hr intravenously. I-Norepinephrine was administered in three patients because arterial systolic blood pressure was either unobtainable or below 60 mm Hg. Transvenous pacemakers were inserted in 14 patients.
Experimental procedure
The following protocol was approved by the Research Committee of St. Vincent's Hospital and Medical Center of New York. Specific permission was obtained from responsible family members since the patients were extremely ill and unable to understand the implications of the studies. The family members were told that the situation was extremely grave and the mortality high. It was proposed that the patient be treated on an around-the-clock basis by a specially trained team of attending physicians and nurses. They were specifically informed that many of the procedures were experimental and investigative in nature but that the results might be of direct benefit to the patient under treatment.
A No. 14 polyethylene catheter' was inserted by puncture into a surgically exposed radial artery and another No. 14 polyethylene catheter1 inserted into the right median basilic vein and advanced into the right atrium. A No. 7 GoodaleLubin catheter was advanced into the middle portion of the coronary sinus via the left median basilic vein. The position of the catheter tip was checked by injection of Hypaque (sodium diatrizoate). A No. 6 USCI, bipolar pacemaker catheter was advanced into the right ventricle via the right external jugular vein. Urine output was measured hourly from a Foley catheter. Vascular pressures were measured with P23d Statham strain gauges and recorded by a multichannel oscilloscopic recorder.! Each series of metabolic observations require 20-25 min and approximately 200 ml of blood. Blood required for Indocyanine Green cardiac output determinations could be reduced to 100-120 ml by the reinfusion of part of the withdrawn blood. All volume losses were corrected by either blood or dextran administration; hematocrits were checked before each experimental period. Vasoactive agents were discontinued for 30 min before performance of study. A metabolic series included duplicate determination of cardiac output, coronary blood flow determination, and sampling of arterial and coronary sinus blood. Arterial and central venous pressures and heart rate were recorded during measurement of cardiac output and coronary blood flow. The metabolic series was repeated during the infusion of l-norepinephrine, isoproterenol, or both. The vasoactive agent was titrated to maintain a mean aortic pressure of approximately 70 mm Hg.
In addition to these complete studies, serial measurements of arterial lactate and pyruvate, coronary sinus oxygen tension, and extraction ratios for lactate, pyruvate, and oxygen were made in six patients in coronary shock without altering base line conditions.
Methods of analysis
Arterial and coronary sinus blood was collected in heparinized syringes and immediately analyzed in duplicate for oxygen and carbon dioxide tensions and pH using microtip platinum (23), Severinghaus (24) , and glass electrodes, respectively (25) . Details of tonometry and estimates of reliability have been previously published (26) . Oxygen and carbon dioxide content were measured by the Van Slyke manometric method (27) .
Additional aliquots of arterial and coronary sinus blood were sampled in dry glass syringes, precipitated within 30 sec in 0.6 M perchloric acid, and analyzed enzymatically for lactate (28) and pyruvate (29) . These analyses were begun as soon as the study was completed to prevent in vitro change in lactate and pyruvate concertration (30 (33) . The method is simplified by providing arterial and coronary sinus catheters of equal volume. Iodoantipyrine-m"I is infused at a constant rate into the right atrium and the total amount of isotope delivered during each determination progressively increased in increments of 8 ,iCi (beginning with 8 ,t&Ci) to compensate for increases in isotope background. Arrival time of isotope at the sampling syringes is calculated as the sum of (a) arrival time from catheter tip in right atrium to radial artery (derived from Indocyanine Green dilution curve corrected for lag in arterial sampling catheter) and (b) the time required for isotope to travel the length of the sampling catheters at the rate of withdrawal used during sampling. Integrated samples are smoothly drawn at a rate of 1 ml/10 sec and syringes changed at intervals of 30 sec. A twostopcock manifold fermits the previous positioning of three sampling syringes and facilitates continuous integrated sampling. 2-ml aliquots from each 30 sec sampling period are counted for 10 min by an auto-gamma counter7 and arterial and coronary sinus curves plotted for each determination.
Coronary blood flow is calculated from the expression of the Kety principle (34) presented by Krasnow et al. (33) with two modifications. The initial 2 min sampling period is disregarded in the calculations and the concentration of isotope in coronary sinus blood at the end of infusion is determined by extrapolation of the coronary sinus saturation curve instead of quickly withdrawing a "spot" sample as recommended by the later group.
Methods of data processing and statistical evaluation
All results of measurements of raw data were entered on a specially prepared coding sheet and punched on standard data cards. Data were analyzed by standard statistical techniques using an IBM 1800 computer. Errors of experimental methods were expressed as the ratio of standard deviations of the differences of duplicate determinations to the average value for all determinations (coefficient of variation). All results were initially evaluated in a multiple regression program for study of interrelationships. Significance of change in any measured or calculated variable following drug administration was tested by variance analysis utilizing each subject as its own control. ejection period (SEP, sec/beat) = interval between onset of the rise in aortic pressure and the incisura (35) . Interval was measured from aortic or radial artery tracing, recorded at 100 mm/sec paper speed. Systolic ejection rate (SER, ml/sec per m') = stroke index/systolic ejection period (36) . Systemic vascular resistance (SVR, dyne-sec-cm-') = mean arterial pressure minus mean right atrial pressure times 79.9 (conversion factor for mm Hg to dyne-sec-cm2)/cardiac output. Tension time index per minute (TTM, mm Hg sec/min) = mean systolic arterial pressure times systolic ejection period times heart rate (37) . Left ventricular work index (LVw1, kg-m/min per mi) = mean systolic arterial pressure times cardiac index times 1.36 (conversion factor for mm Hg to water)/100 (reference 38). Myocardial oxygen consumption (MVo2, ml/100 g per min) = arterio-coronary sinus oxygen content difference times coronary blood flow (38) . Myocardial oxygen extraction ratio (EXo2, %) = arterio-coronary sinus oxygen difference/arterial oxygen con- 
RESULTS
Clinical course and pathologic findings
Base line arterial blood gas data, vasopressor therapy in the shock unit, and survival and autopsy findings are listed in Table II . Five patients survived for more than 1 wk and one patient was discharged from the hospital. Patients 3-7 and 16-18 were treated with phaseshift balloon pumping (18) . Postmortem examinations were performed in 9 of the 17 patients who died and revealed extensive old and recent myocardial infarction associated with severe coronary artery disease.
Temporal variations in myocardial metabolism
Serial measurements of arterial lactate and pyruvate concentrations, coronary sinus oxygen tensions (Pcso2), and oxygen extraction ratios for lactate, pyruvate, and oxygen are shown in Table III . The variation among serial measurements for each of the six patients is reflected in the average coefficients of variation. The average coefficient of variation for arterial lactate was 3.9%, for oxygen extraction 3.5%, for lactate extraction 12.8%, and for pyruvate extraction 115%. Lactate extraction never changed to production although frequent Measurements before administraton of vasoactive agents Systemic hemodynamics. Cardiac index and stroke index were markedly reduced in all patients ranging from 1.01 to 1.97 liters/min per m' and from 7 to 26 ml/beat per Mi, respectively (Table IV) . Mean aortic pressure ranged from 40 to 65 mm Hg and systolic aortic pressure was below 90 mm Hg in all but three patients. Systemic vascular resistance ranged from 879 to 2194 dyne-sec-cm'.
Myocardial energetics. Table IV and Fig. 1 demonstrate that all indices of left ventricular work were markedly reduced. Left ventricular work index ranged from 0.51 to 1.40 kg-m/min per mi, tension time index per minute from 967 to 1720 mm Hg sec/min, and systolic ejection rate from 40 to 84 ml/sec per m' (Table  IV) . Coronary blood flow averaged 71 ml/100 g per min and was below our normal of 80-95 ml/100 g per min in all but three patients. Myocardial oxygen consumption varied widely; the myocardial oxygen extraction ratio was greater than 70% in all but three patients. The relationship between left ventricular work index and myocardial oxygen utilization coefficient is shown in Fig. 1 together with the regression line for normal energetics from Gorlin (38) .
Lactate and pyruvate metabolism (Table V) Fig. 2 . Included in the diagram are data from patients with other types of shock and from animal experiments exposed to severe hypoxia (40) . Excess lactate was present in 12 of the patients with coronary shock.
Homogeneity of groups. Selected parameters of the three control groups (control and drug groups) were compared by analysis of variance. Heart rate, cardiac index, arterial pressure, coronary blood flow, myocardial oxygen consumption and extraction, coronary sinus oxygen tension, arterial lactate content, and myocardial lactate extraction showed no significant differences among the mean values from one group to the other.
Effects of l-norepinephrine and isoproterenol (Tables IV-VII Coronary blood flow increased in all but one patient, in average from 73 to 88 ml/100 g per min. Myocardial oxygen consumption increased in two and decreased in two others and myocardial oxygen extraction ratios decreased in all patients. Lactate production increased from an average of 28.12 umoles/100 g per min to 66.10 ,omoles/100 g per min in three patients. Lactate consumption was shifted to production in the fourth patient.
Patient 7 responded differently to isoproterenol. Mean and diastolic arterial pressures did not fall, but increased slightly, associated with a marked rise in coronary blood flow from 68 to 110 ml/100 g per min as well as of myocardial oxygen consumption. Heart rate, cardiac index, and left ventricular work index increased markedly. However, net lactate flux shifted from consumption of 25.11 ,umoles/100 g per min to production of 22.03 Amoles/100 g per min.
The hemodynamic and metabolic response to ug/min l-norepinephrine intravenously showed a uniform trend in all but patient 9, who will be discussed separately. Systolic, diastolic, and mean arterial pressures increased markedly. Cardiac index was not significantly changed but SVR increased from 1307 to 1642 dynesec-cm'. Coronary blood flow improved in all patients from an average of 76-100 ml/100 g per min (P < 0.01). Myocardial oxygen consumption increased in all patients, even though myocardial oxygen extraction fell in five out of seven. Lactate fluxes across the myocardium improved uniformly. In three patients lactate production shifted to extraction. Patient 9 was in the irreversible state of coronary shock at the time of evaluation and showed practically no response to l-norepinephrine. She died shortly after admission to the shock unit. (41) . The area of transmural infarction has the least blood flow, the greatest muscle fiber destruction, and the poorest contractility. Peripheral to the area of frank infarction is a zone of tissue that presumably could retain its viability if perfusion pressure were adequate to allow collateral flow. Edwards (42) has emphasized that this "twilight zone" is not sharply demarcated from the zone of infarction but scattered within and at the periphery of the area of infarction. A third zone of adequately perfused and normally contracting muscle is peripheral to the infarcted and noninfarcted but ischemic zones.
The unaffected segments of ventricular muscle are subjected to abnormal stresses by the presence of infarcted and noncontractile tissue. If a significant portion of ventricular circumference is rendered noncontractile, surviving viable muscle must increase its extent of shortening and must contract from an increased end-diastolic fiber length in order to maintain systolic emptying. Myocardial oxygen consumption in these viable fibers is increased and coronary vessels in these zones are probably markedly dilated so that blood flow is dependent mainly upon perfusion pressure. The function of both noninfarcted but ischemic and normally contractile zones are important in the prevention and therapy of circulatory collapse. Maintenance of adequate blood flow and metabolic integrity of these areas might be expected to prevent the development or extension of the shock state. Continued poor perfusion through these critical areas may lead to progressive transmural infarction, decreased ventricular function, and irreversible circulatory collapse.
Critique of experimental methods
These studies were performed on extremely ill patients and precision of data collection had to be secondary to patient safety. The patients were carefully stabilized before study as described in the methods section and are believed to have remained in a relatively "steady state" throughout the period of study. Arterial oxygen and carbon dioxide tensions and hematocrit changed little during the procedure in the majority of the patients.
Validity of coronary sinus sampling techniques in the presence of nonuniform ventricular perfusion. Conclusions based on data presented in this paper are dependent upon the assumption that coronary sinus blood and composition are representative of left ventricular myocardial metabolism. Olson and Gregg (43) and Rayford, Khouri, Lewis, and Gregg (44) have reviewed evidence suggesting that this is the case in the normal experimental animal. In the human heart, however, the venous blood flow of the posterior wall varies, draining directly into the right atrium or into the coronary sinus (45) . The problem is additionally complicated in the patient with randomly distributed coronary arterial lesions because of the possibility of both spatial and temporal nonuniformity of ventricular perfusion.
Nonuniform ventricular perfusion is physically analagous to nonuniform alveolar ventilation and perfusion; the problems of using either mixed coronary sinus or mixed arterial blood in the study of over-all gas exchange are obviously similar. Coronary sinus blood in the presence of nonuniform ventricular perfusion is actually a weighted integral of left ventricular events with poorly perfused area contributing relatively less to mixed myocardial venous effluent. Klocke and Wittenberg (46) have emphasized that nonuniform perfusion complicates the estimation of coronary blood flow using inert gas or other diffusable indicators since poorly perfused segments of myocardium may not become saturated during short periods of indicator washin.
The effects of nonuniform distribution on mixed coronary sinus blood may be seen in a two compartment ventricular model presented in Table VIII . The model is based on the known coronary vascular response to occlusion of a branch of the left coronary artery (47) and certain human data obtained from selective myocardial sampling (48) . Consider that the left ventricle is totally perfused by the two branches of the left coronary artery and that severe occlusive disease has markedly reduced flow rate through one branch of the main left coronary artery which perfuses precisely one half of the left ventricle. The venous effluent from the noninfarcted compartment is calculated for both normal coronary perfusion and for the diminished coronary perfusion as- Table III shows such temporal variations to vary with the measurement examined. Arterial lactate and oxygen extraction ratios are quite reproducible, coronary sinus oxygen tension and lactate extraction ratios are of intermediate reproducibility, and pyruvate extraction ratios vary widely from moment to moment. These values may be used to estimate the reliability of treatment changes since they include both experimental error and temporal variations. A change in lactate extraction of 25%, for example, would approach two standard deviations and should be significant at the 5% level.
Validity of coronary blood flow measurements. Measurement of coronary blood flow in critically ill patients requires a technique which can be readily performed at the bedside and will not place the patient at additional risk. All currently available techniques including those using precordial scanning as well as those requiring sinus sampling are subject to the problems of spatial variations in coronary blood flow discussed above. The Krasnow (33) modification of the Kety method (34) was chosen. It is relatively simple to perform and coronary sinus sampling was necessary for metabolic studies.
Krasnow, Levine, Wagman, and Gorlin (33) suggested that iodoantipyrine-mI saturation curves could be used to calculate coronary blood flow and Sapirstein and Mellette have shown that the myocardial distribution volumes for antipyrine are identical with tritiated water and that its equilibrium with intracellular water is flow limited (49) . Data for partition coefficients between blood and fibrotic areas is not available but conceivably antipyrine distribution might become diffusion limited in severely scarred areas of the myocardium. A major difference between the nitrous oxide and antipyrine techniques is that arterial antipyrine steadily rises during indicator infusion. The slopes of arterial and coronary sinus antipyrine are identical at equilibrium and theoretic considerations indicate that the arteriocoronary sinus antipyrine difference must be constant if isotope is added to the coronary arterial blood at a constant rate and if coronary blood flow is unchanged. While Krasnow et al. calculated coronary blood flow from the early segments of the saturation curve, the rapid changes in arterio-coronary sinus isotope difference suggest equilibrium had not been reached in the severely diseased myocardium. Regions of low perfusion would take considerably longer to reach equilibrium than regions of high perfusion suggesting the desirability of limiting sampling to later in the phase of saturation. In our studies, coronary blood flow calculated from the terminal 2 min segment averaged 82 ml/100 g per min and was significantly different from the average value of 87 ml/100 g per min calculated from the initial 2 min of saturation. The standard deviation of the difference was 11.55 ml/100 g per min and the coefficient of variation 14%. Evidence that this modification of the Krasnow method is valid is the mean value of 88 ml/100 g per min for coronary blood flow measurements in 30 patients without significant coronary artery disease. This compares favorably with mean values for the nitrous oxide method reported in the literature. The coefficient of variation of six duplicate determinations averaged 5.79%.
Discussion of results before administration of vasoactive agents Systemic hemodynamics. Left ventricular output was reduced to 50% of normal in the 18 patients with coronary shock. This striking reduction was due to decrease in stroke output since cardiac rate was either normal or increased. Measurements of ventricular force development and velocity of contraction were not made but the presence of low systolic ejection rates associated with low aortic pressures suggests decreased myocardial contractility. Systemic vascular resistance varied widely and was normal or reduced in nine patients. The failure to increase resistance appropriately may be due to peripheral autoregulatory influences of hypoxia, acidosis, and accumulation of metabolites together with central vascular inhibitory factors (50) (51) (52) (53) . These findings are similar to previously reported data (2-12, 15, 54-57) .
Coronary hemodynamics. Coronary blood flow was reduced in all but three patients due to a reduction in coronary perfusion pressure. Diastolic coronary vascular resistance was not calculated, because of the redistribution of coronary perfusion in severe myocardial failure. Coronary blood flow has been observed to increase during systole due to the decrease in transmural vascular pressure (58) Gorlin (38) . Fig. 1 shows the lack of correlation between these two variables in the shock state compared to the linear relationship observed by Gorlin for the metabolically intact heart.
The increased myocardial oxygen extraction in most of our patients emphasizes the severity of myocardial hypoxia, since coronary sinus oxygen content is determined by the infarcted as well as by the noninfarcted areas. Previous studies have shown that oxygen extraction ratios vary widely even in severe coronary artery disease (64, 65) and appear to be a poor indicator of myocardial hypoxia (65) . Presumably the scattered distribution of myocardial lesions, normal areas masking diseased areas, accounts for this insensitivity.
Myocardial lactate and pyruvate metabolism. Although Fig. 1 might suggest that oxygen consumption was adequate in the shock patient, the inability to estimate total ventricular work together with the finding of increased oxygen extraction ratios suggest that other indices for measuring oxygen availability are necessary. Considerable work performed over the past decade has attempted to predict the state of intracellular oxygenation from coronary sinus lactate and pyruvate data. Three indices based on these measurements have been recommended. Huckabee and associates suggested that production of lactate in excess of pyruvate, "excess lactate," was a sensitive indicator of myocardial hypoxia (39) . Results of animal and clinical research have emphasized that myocardial lactate production alone is a reliable indicator of anaerobic metabolism (65) (66) (67) (68) (69) (70) (71) (72) while lactate extraction less than 10% is suggestive of myocardial hypoxia (65) . An increased lactate to pyruvate ratio in the coronary sinus compared to arterial blood is believed indicative of inadequate myocardial metabolism (73) (74) (75) .
The validity of such indices has been questioned, however, and all investigators agree that blood lactate and pyruvate concentrations are at least three stages removed from mitochondrial oxidation. Williamson, for example, using the ratio of beta hydroxybutyrate to acetoacetate has shown that the hepatic mitochondrion is 100 times more reduced than the cytoplasm suggesting that changes in the cytoplasmic NADH/NAD ratio are at best a damped representation of intramitochondrial events (76) . An (18) and animal data from the microembolization studies of Bing and associates (40) . Patients with shock from other causes or with low cardiac output tend to cluster in quadrant I and II which represent lactate and pyruvate extraction or lactate extraction and pyruvate production, respectively. Patients with coronary shock tended to cluster in quadrant III which represents lactate and pyruvate production although occasional exceptions were observed. 12 of these patients produced "excess lactate" and fell in quadrant IV or the upper portion of quadrant III. All but three patients with coronary shock demonstrated lactate efflux; these three patients had lactate extraction of less than 10%. Data from the dogs with experimental coronary shock fall predominantly in quadrant III.
These studies presented in the four quadrant diagram indicate that lactate and pyruvate metabolism differ markedly in patients with known myocardial hypoxia compared to other patients in shock or under stress. All would be considered to demonstrate anaerobic metabolism using the criteria of Cohen, Elliot, Klein, and Gorlin (65) while only 12 would fulfill the excess lactate criteria of Huckabee. Further evidence that lactate production indicates myocardial hypoxia is found in Fig. 5 which relates oxygen and lactate extraction data from the patients shown in the four quadrant diagram. In general, lactate extraction decreases or shifts to production as oxygen extraction increases indicating the close interrelationship between these two measurements. Of interest, the regression line relating these two variables intersects an oxygen extraction ratio of 70% at a lactate extraction of 6% supporting the use of that level as an indicator of inadequate myocardial oxygenation. Similar findings in Bing's canine model also support the validity of location in quadrant III as evidence of myocardial hypoxia.
Discussion of effects of l-norepinephrine and isoproterenol
The systemic hemodynamic effects of l-norepinephrine (3-6, 9, 12, 14) and isoproterenol (7, 10-12, 15, 79-82) were similar to those reported by other investigators.
Peripheral vascular resistance and aortic pressure rose during l-norepinephrine infusion. Stroke index did not change, the heart rate response was variable, and neither cardiac index nor systolic ejection rate was significantly changed for the group. In contrast, isoproterenol de Ventricular work, estimated by either time-tension index, left ventricular work index, or mean systolic ejection rate increased with both drugs. The time-tension index was increased but slightly with isoproterenol while the mean systolic ejection rate was only minimally increased by l-norepinephrine. The net effects of catecholamine infusion in coronary shock must be related to the relationship between changes in ventricular work and oxygen availability. Fig. 3 is similar to Fig. 1 and relates left ventricular work index to oxygen consumption per systolic seconds. Work and oxygen consumption appear to increase proportionately during l-norepinephrine but inadequate increases in oxygen consumption are observed during isoproterenol infusion in the face of increased ventricular work. Isoproterenol appears to increase ventricular work and systemic hemodynamics without improving myocardial oxygenation.
Myocardial lactate fluxes confirm the impression that oxygen requirements exceed oxygen availability during isoproterenol infusion. Fig. 4 is similar to Fig. 3 with left ventricular work index on the ordinate but net lactate flux per systolic seconds replaces oxygen consumption per systolic seconds. Myocardial lactate extraction consistently improved during l-norepinephrine infusion, but decreased or shifted to production during isoproterenol infusion.
Our conclusion that 1-norepinephrine is superior to isoproterenol in coronary shock is based on consideration of both hemodynamic and lactate flux data. Although the number of patients studied was relatively small, statistically significant differences in drug action were observed. The relationship shown in Fig. 3 Hemodynamics, CBF, and Myocardial Metabolism in Coronary Shock coronary embolization by rising aortic coronary perfusion pressure (60, 84) .
Although our data strongly suggest the superiority of l-norepinephrine to isoproterenol for the treatment of coronary shock, all but one of the patients studied ultimately died. Our experience is similar during intra-aortic phase shift balloon pumping.9 Coronary blood flow and myocardial metabolism improved in 9 of 10 patients during balloon pumping but 8 of the 9 patients showing initial improvement died. It appears that the myocardium in patients with coronary shock is so damaged that even agents which can be demonstrated to improve myocardial metabolism are unable to improve cardiac function sufficiently to reverse the generalized system failure characteristic of the shock syndrome.
Perhaps the most important conclusion from this study is the need for early recognition of the "preshock" state and the prompt institution of measures designed to maintain aortic perfusion pressure. It is likely that lactate production exists for many hours prior to the onset of clinically recognizable shock. Early administration of dilute solution of l-norepinephrine, carefully regulated by intra-arterial pressure monitoring to prevent excessive increases in ventricular work, might well preserve the integrity of noninfarcted regions of the myocardium and prevent the development of circulatory collapse.
